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fects,	 spanning	 individual,	 population,	 community	 and	 ecosystem	 levels.	 Climate	
change	 is	modifying	 hydrological	 cycles	 across	 atmospheric,	 terrestrial	 and	 aquatic	
components	of	subarctic	ecosystems,	causing	increases	in	ambient	water	temperature	
and	 nutrient	 availability.	 These	 changes	 affect	 the	 individual	 behavior,	 habitat	 use,	
growth	and	metabolism,	alter	population	spawning	and	recruitment	dynamics,	leading	
to	changes	in	species	abundance	and	distribution,	modify	food	web	structure,	trophic	
interactions	 and	energy	 flow	within	 communities	 and	change	 the	 sources,	quantity	
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1  | INTRODUCTION
Understanding	 and	 predicting	 the	 consequences	 of	 climate	 change	
and	 extreme	 climate	 events	 on	 global	 biodiversity	 has	 become	 a	





ical	 organization	 (Harley	 et	al.,	 2006;	Harrod,	 2015;	 Scheffers	 et	al.,	
2016;	Woodward,	Perkins,	&	Brown,	2010).	However,	the	search	for	
general	 principles	 requires	 understanding	 of	 the	 ecological	 effects	
of	 climate	change	within	 biomes	and	ecosystem	 types	 to	determine	
context-	specific	responses.	In	this	synthesis,	we	illustrate	the	effects	
of	climate	change	on	freshwater	fish	across	levels	of	ecological	orga-












species	 distribution	 due	 to	 changes	 in	 thermal	 regimes	 (Buisson,	
Grenouillet,	 Villéger,	 Canal,	 &	 Laffaille,	 2013;	 Parmesan	 &	 Yohe,	
2003;	Walther	 et	al.,	 2002),	 emphasizing	 that	 species	 invasions	 are	




2008;	 Walther	 et	al.,	 2009).	 For	 freshwater	 biota,	 particularly	 fish,	
this	is	evidenced	by	shifts	in	the	distribution	of	warm-	or	cool-	water	
species	toward	higher	elevations	and	latitudes	and	range	retractions	





synergistic	 or	 antagonistic	 (sensu	 Folt,	 Chen,	 Moore,	 &	 Burnaford,	
1999;	 Strayer,	 2010).	 However,	 the	 ecological	 effects	 of	 climate	




















as	 sentinel	 ecosystems	 for	 understanding	 climate	 change	 impacts.	
Previous	reviews	of	the	consequences	of	climate	change	for	freshwater	
ecosystems	(including	those	including	subarctic	regions)	have	empha-






























2  | EFFECTS OF CLIMATE CHANGE ON 
SUBARCTIC FRESHWATERS: DRIVERS OF 
POTENTIAL ECOLOGICAL CONSEQUENCES
Interpreting	 and	 predicting	 the	 effects	 of	 climate	 change	 on	 fresh-
water	ecosystems	requires	an	understanding	of	how	changes	 in	cli-
mate	alter	 specific	physical	 and	biological	 features	 relevant	 to	 their	
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structure	 and	 function.	 Broadly,	 climate	 change	 alters	 the	 atmos-
pheric,	terrestrial,	and	aquatic	components	of	freshwater	ecosystems	
with	linkages	among	each	component	(Figure	1;	Table	1).
2.1 | Air and water temperature




tures	 across	 Canada	 increased	 by	 1.2°C	 during	 1948–2005;	 how-


















Europe	 have	 increased	 by	 0.4°C	 per	 decade,	 yet	 have	 not	 altered	
significantly	 in	summer	and	autumn	seasons	 (Elliott	&	Elliott,	2010).	






complete	disappearance	of	 small	 lakes	and	seasonal	drying	of	 inter-
mittent	streams	 (Chen,	Rowland,	Wilson,	Altmann,	&	Brumby,	2014;	
Wrona	et	al.,	2013).
2.2 | Precipitation and hydrological regimes
Increasing	air	and	water	temperatures	are	expected	to	alter	regional	
weather	 patterns,	 particularly	 precipitation	 regimes	 in	 subarctic	
regions	 (Palmer	&	Räisänen,	 2002).	Mean	 total	 annual	 precipitation	
increased	 by	 16%–25%	during	 1948–2004	 across	 different	 climate	
regions	of	northern	Canada	(Prowse	et	al.,	2009)	and	these	increases	
are	predicted	to	continue	throughout	the	21st	century	(IPCC,	2013;	






Subarctic	 freshwaters	 experience	 two	 contrasting	 seasons:	
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water	 temperature	 related	 to	 climate	 change	 are	 most	 apparent	 in	
terms	of	changes	in	the	timing	and	duration	of	ice	cover	(e.g.,	Benson	
et	al.,	 2012;	 Duguay	 et	al.,	 2006;	 Korhonen,	 2006;	 Lei,	 Leppäranta,	
Cheng,	 Heil,	 &	 Li,	 2012;	 Sharma	 &	 Magnuson,	 2014;	 Wang	 et	al.,	
2012).	Critically,	while	natural	climate	oscillations	(e.g.,	North	Atlantic	
Oscillation)	 affect	 the	 timing	 of	 ice	 thaw	 in	 Northern	 Hemisphere	
lakes,	 they	 do	 not	 conceal	 progressively	 earlier	 dates	 of	 thawing	
during	1855–2004	 (Sharma	&	Magnusson,	2014).	For	example,	 lake	
ice-	cover	 duration	 decreased	 by	 0.7–4.3	days	 per	 decade	 in	 lakes	
across	the	subarctic	due	to	both	later	freeze	and	earlier	 ice	breakup	
between	1855	and	2005	(Benson	et	al.,	2012;	Magnuson	et	al.,	2000).	
Analyses	 of	 river	 ice	 breakup	 dates	 in	 the	 Torne	 River	 (bordering	
TABLE  1 Summary	of	the	physical	and	chemical	responses	to	climate	change	in	northern	freshwater	environments


















































































of	 annual	 flood	 peaks	 forward	 by	 approximately	 20	days	 in	 catch-
ments	draining	into	the	Arctic	Ocean	(Dankers	&	Middelkoop,	2008).	
Earlier	spring	thawing	of	snow	and	ice	are	expected	to	intensify	low-	
flow	 conditions	 and	 habitat	 contraction	 during	 summer,	 particularly	























2.4 | Nutrient inputs and productivity
Changing	climate	in	the	subarctic	is	expected	to	increase	the	trans-
port	 and	 availability	 of	 elements	 and	 basal	 nutrients	 via	 greater	
runoff	 into	 freshwaters	 from	 terrestrial	 zones,	 which	 has	 a	major	
effect	on	ecosystem	productivity.	Dissolved	organic	carbon	 (DOC)	
is	 an	 important	 source	of	energy	 for	 clear	water	ecosystems	 (e.g.,	
Pace	et	al.,	2007)	and	the	availability	of	both	DOC	and	phosphorous	
control	 primary	 production	 in	 subarctic	 freshwaters	 (e.g.,	 Benson,	
Wipfli,	Clapcott,	&	Hughes,	2013;	Karlsson	et	al.,	2009).	DOC	con-
centrations	have	a	dual	role	in	controlling	primary	production	in	food	
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been	predicted	with	climate	change	(Zhang	et	al.,	2010),	such	as	a	
65%	increase	to	3.3	mg	C/L	by	2100	(Larsen,	Andersen,	&	Hessen,	
2011).	 Such	 increases	 in	 DOC	 are	 linked	 to	 higher	 runoff	 from	
surrounding	 terrestrial	 habitats,	 expanding	 vegetation	 cover	 (and	
burning)	and	melting	of	permafrost	 releasing	carbon	 into	freshwa-








freshwaters	 (Hobbie	 et	al.,	 1999;	 Karlsson	 et	al.,	 2009).	 Increased	
productivity	 and	 thermal	 stratification	 of	 deep	 lakes	 in	 northern	
Alaska	since	1975	has	 led	 to	decreased	concentration	of	hypolim-
netic	 dissolved	oxygen	 (Hobbie	 et	al.,	 1999).	 Such	 effects	 on	oxy-
gen	availability	have	significant	implications	for	the	persistence	and	
biotic	interactions	of	aquatic	biota,	therefore	contributing	to	altered	
species	 distribution	 (e.g.,	 Lindholm,	 Stordal,	Moe,	Hessen,	&	Aass,	
2012).
The	 seasonal	 timing	 of	 organic	 carbon	 availability	 in	 subarctic	








peaks	 in	 spring	 following	an	 increase	 in	 temperature,	but	decreases	
during	 reduced	 summer	discharge	 (Davis	 et	al.,	 2013).	 Furthermore,	
primary	production	in	subarctic	streams	is	lower	under	low	flow,	likely	
due	to	the	role	of	water	discharge	in	the	transport	of	nutrients	where	





change	 in	 the	 subarctic,	 there	 has	 been	 relatively	 little	 work	 to	
determine	the	effects	on	nutritional	quality	of	basal	energy	sources	
and	the	underlying	environmental	drivers.	However,	evidence	from	
other	 regions	 suggests	 that	 effects	 for	 basal	 energy	 sources	will	
not	 only	 be	 apparent	 in	 terms	 of	 gross	 primary	 production,	 but	
also	in	terms	of	nutritional	quality	of	energy	sources.	In	an	experi-
mental	mesocosm	study	in	northern	Germany,	Verschoor,	Van	Dijk,	
Huisman,	 and	Van	Donk	 (2013)	 reported	 that	 elevated	 dissolved	
CO2	 did	 not	 affect	 freshwater	 algal	 biomass,	 but	 did	 reduce	 the	
nutritional	 quality	 of	 algae.	However,	 it	 is	 unclear	 how	 the	 com-






to	 climate	 change,	 ecological	 consequences	 of	 climate	 change	 are	
potentially	driven	indirectly	by	the	effects	of	species	expanding	their	




2015a;	 Comte	 et	al.,	 2013).	 Increasing	 temperatures	 in	 subarctic	
regions	are	consistently	associated	with	poleward	range	expansions	
of	 temperate	 organisms	 (Hickling,	 Roy,	 Hill,	 Fox,	 &	 Thomas,	 2006;	
Parmesan	&	Yohe,	 2003).	 Subarctic	 regions	 are	 experiencing	wide-
spread	poleward	invasions	of	warmer	water-	adapted	freshwater	fish	
species	such	as	Cyprinids	(e.g.,	ide	Leuciscus idus,	roach	Rutilus rutilus),	
Percids	(e.g.,	ruffe, Gymnocephalus cernua,	European	perch,	Perca flu-
viatilis),	and	Centrarchids	(e.g.,	smallmouth	bass,	Micropterus dolomieu,	
largemouth	bass	Micropterus salmoides)	(Alofs	&	Jackson,	2015a;	Chu	




effects	 of	 climate	 change	 on	 subarctic	 freshwaters	 may	 be	 due	 to	
indirect	mechanisms	mediated	by	poleward	invasion	of	warm-	water-	
adapted	fish	species.
3  | ECOLOGICAL EFFECTS OF CLIMATE 
CHANGE ON SUBARCTIC FRESHWATERS 
ACROSS DIFFERENT LEVELS OF  
ORGANIZATION
3.1 | Climate change impacts at the individual level
Altered	body	growth	and	reproductive	performance	among	individual	
fish	 are	 important	 impacts	of	 climate	 change	 as	 variation	 in	 energy	
use	 of	 ectothermic	 animals	 is	 inherently	 driven	 by	 differences	 in	
ambient	temperature	(Brown,	Gillooly,	Allen,	Savage,	&	West,	2004;	
Magnuson,	Crowder,	&	Medvick,	 1979).	Decreased	 size	 and	 age	of	
sexual	maturation	with	 increasing	 temperature	 are	widely	 reported	
for	 freshwater	 fish	 across	 contrasting	 climate	 regions,	 including	
populations	 inhabiting	 the	 subarctic	 (Blanck	 &	 Lamouroux,	 2007;	
Daufresne,	 Lengfellner,	 &	 Sommer,	 2009;	 Griffiths,	 2006,	 2012;	
Heibo,	Magnhagen,	&	Vøllestad,	2005;	Lappalainen,	Tarkan,	&	Harrod,	
2008).	In	contrast	to	decreasing	body	size	of	parental	fish,	individual	
egg	size	 increases	with	 increasing	 temperature	 in	autumn-	spawning	





in	 mid-	latitude	 regions	 throughout	 their	 range	 (Lappalainen	 et	al.,	
2008).	These	findings	suggest	that	temperature	increases	will	lead	to	
higher	reproductive	output	for	spring-	spawning	invasive	species	(e.g.,	
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roach	and	European	perch),	potentially	enhancing	their	invasion	suc-
cess	in	subarctic	regions.
Body	 growth	 and	 metabolic	 rate	 of	 individual	 fish	 are	 strongly	
linked	 with	 temperature	 (Elliott,	 1975;	 Sheridan	 &	 Bickford,	 2011;	
Whitney	et	al.,	2016),	although	influenced	by	prey	availability	and	eco-
system	productivity.	However,	effects	of	temperature	on	body	growth	




Atlantic	 salmon,	 brown	 trout,	whitefish)	 also	 occurs	with	 increased	
temperature,	 but	 this	 effect	 is	 dependent	 on	 food	 availability	 and	
nutritional	 value	 and	 the	 increase	 in	 temperature	 relative	 to	 opti-
mum	 temperature	 for	 growth	 (Elliott	 &	 Elliott,	 2010;	 Hedger	 et	al.,	
2013;	 Kahilainen,	 Patterson,	 Sonninen,	 Harrod,	 &	 Kiljunen,	 2014).	





2013;	 Ohlberger,	 2013;	 Sheridan	 &	 Bickford,	 2011).	 Importantly,	
	relationships	 of	 temperature	with	 body	 growth	 and	 aerobic	 poten-





Fish	 body	 growth	 rates	 are	 influenced	by	 environmental	 factors	
beyond	temperature	and	also	mediated	by	effects	of	climate	change	
at	 the	 population,	 community,	 and	 ecosystem	 levels.	 In	 Norwegian	
streams,	 for	 example,	 brown	 trout	 body	 growth	 decreases	 with	
increasing	population	density	(suggesting	prey	availability	is	a	primary	









temperature	 increases	on	 fish	body	growth	vary	depending	on	 food	
availability	(Elliott	&	Hurley,	2000).	For	example,	in	a	controlled	envi-
ronment	the	temperature	at	which	peak	energy	gain	occurs	increases	
when	 trout	 were	 fed	 increasing	 proportions	 of	 prey	 fish	 (Elliott	 &	
Hurley,	2000).	 In	subarctic	populations	of	whitefish	 (Coregonus lava-
retus),	body	growth	is	positively	linked	with	lake	productivity	(Hayden,	
et	al.,	 2013a),	 indicating	 that	 the	 combined	 effects	 of	 temperature,	
nutrient	 inputs,	and	productivity	 in	freshwaters	 likely	cause	changes	
in	body	growth	rates	across	the	life	span	of	fish.
Increased	 nutrient	 input	 from	 the	 terrestrial	 zone	 to	 subarctic	
freshwaters	 will	 alter	 water	 clarity,	 therefore	 impacting	 the	 visual-	
feeding	 and	 foraging	 performance	 of	 subarctic	 freshwater	 fish	 that	







with	 increased	water	 temperature	may	 (partially)	 counteract	 effects	
of	decreased	water	clarity	on	feeding	success	(Hayden,	et	al.,	2013a).	
However,	 the	 combined	 effect	 of	 increased	water	 temperature	 and	
reduced	clarity	 is	predicted	 to	decrease	 illuminated	 foraging	habitat	




and	 aggression	 are	 related	 to	 metabolic	 activity	 and	 growth,	 both	
of	which	 are	 positively	 correlated	with	 ambient	 temperature	 (Lahti,	
Huuskonen,	 Laurila,	 &	 Piironen,	 2002;	 Nicieza	 &	 Metcalfe,	 1999).	
Thus,	 feeding	 performance	 among	 individuals	 is	 influenced	 by	 the	
interaction	 of	 temperature,	 visual	 conditions,	 competitor	 density,	
ontogeny,	and	prey	availability.	As	each	of	 these	variables	 is	 related	
to	 a	 consumers’	 environment,	 individual-	level	 responses	 to	 climate	
change	will	 likely	be	complex	and	relate	 to	each	 individual’s	physio-
logical	adaptations.

















3.2 | Climate change effects at the population level
Changes	 in	 the	 range	 distribution	 of	 species	 are	 the	 most	 widely	
understood	 effect	 of	 climate	 change	 as	 most	 ectothermic	 species	
show	a	strong	unimodal	temperature	preference	(Parmesan	&	Yohe,	
2003).	 The	 majority	 of	 evidence	 of	 range	 retractions	 of	 subarctic	
fish	is	based	on	predicted	rather	than	observed	effects	(Comte	et	al.,	
2013).	 For	 example,	 occurrence	 rates	 of	 walleye,	 cisco,	 and	 Arctic	
charr	are	predicted	 to	decline	by	22%,	26%,	and	73%,	 respectively,	
across	 the	 subarctic	 by	 2070–2100	 in	 part	 due	 to	 temperature	
increases	under	modeled	climate	scenarios	(Hein,	Öhlund,	&	Englund,	
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2012;	 Van	 Zuiden	 et	al.,	 2016).	 In	 conjunction	 with	 temperature,	
range	 retractions	 of	 sensitive	 cold-	water	 species,	 Arctic	 charr	 and	























Climate	 change-	induced	 temperature	 increases	 have	 implica-
tions	 for	 the	 timing	 and	 success	 of	 reproduction	 and	 recruitment	
(Karjalainen,	 Keskinen,	 Pulkkanen,	 &	Marjomäki,	 2015;	 Lappalainen	
&	Tarkan,	2007).	Cooling	water	temperatures	during	autumn–winter	
stimulates	 the	 spawning	 of	 predominantly	 cold-	water	 fish	 species	
(e.g.,	 salmonids)	 in	 subarctic	 freshwaters	 (Shuter,	 Finstad,	 Helland,	




spawning	 period	 of	 cold-	water-	adapted	 subarctic	 species	 (putting	
them	 at	 a	 reproductive	 disadvantage)	 and	 simultaneously	 stimulate	
earlier	 and	 protracted	 spawning	 of	 cool-	 and	warm-	climate	 species	




Increases	 in	 streamflow	 discharge	 during	 early	 spring	 contribute	 to	
higher	mortality	 of	 salmon	 larvae	 by	 increasing	 streambed	 scouring	




therefore	 suggesting	 that	 temperature	 increases	will	 increase	 larval	
mortality	 (Elliott	&	Elliott,	2010).	However,	 increases	 in	winter	 tem-
perature	by	1–2°C	did	not	alter	mortality	of	eggs	and	larvae	of	sub-
arctic	 salmonids,	 whitefish,	 and	 vendace	 (Karjalainen	 et	al.,	 2015),	




















trast,	 prolonged	warm	 summers	 frequently	 cause	mortality	 of	 cisco	
(Coregonus artedi)	via	oxygen	depletion,	especially	in	unstratified	lakes	
in	North	American	lakes	(Jacobson,	Jones,	Rivers,	&	Pereira,	2008).
3.3 | Climate change effects at the community level









nated	by	percid	 species)	and	warm-	climate	communities	 in	 southern	











tions	within	subarctic	 freshwater	communities,	 leading	 to	changes	 in	
community-	level	attributes	via	 trophic	cascades.	Altered	abiotic	 con-
ditions	 imposed	by	climate	change	may	reduce	 the	extent	of	 trophic	









ton	at	 the	warmer	 surface	 layers	of	 lakes	 (due	 to	predation	 release),	
yet	zooplankton	density	may	decline	in	the	hypolimnetic	zone	where	








2013).	 However,	 top-	down	 control	 by	 fish	 in	 subarctic	 freshwaters	
appears	to	be	dependent	on	habitat	morphology	and	is	more	strongly	
evident	in	smaller,	shallower	habitats	as	opposed	to	larger	and	deeper	
lakes	 that	 support	 complex	 food	 webs	 and	 contain	 thermal	 refugia	
(Jyväsjärvi	et	al.,	2013).	To	date,	climate	change	has	predominantly	con-
tributed	to	species	additions	rather	than	complete	replacements.	Such	
additions	have	 led	to	 increased	food	chain	 length	and	food	web	size	
in	subarctic	freshwaters	(Thomas	et	al.,	2016;	Woodward	et	al.,	2010).
Competitive	 interactions	between	fish	 in	subarctic	 lakes	are	also	
driven	by	 the	duration	of	 ice	 cover	 and	 timing	of	 ice	 thaw,	 both	of	
which	 are	 altered	 by	 climate	 change.	 Reduced	 body	 condition	 of	
native	whitefish	 and	 continued	 active	 feeding	 by	 invasive	 ruffe	 are	
suggestive	of	 increased	competition	for	benthic	prey	under	 lake	 ice,	
leading	 to	 depletion	 of	 benthic	 resources	 during	 winter	 (Hayden,	
Harrod,	 Sonninen,	 &	 Kahilainen,	 2015).	 Light	 and	 temperature	 lim-
itations	 during	 periods	 of	 ice	 cover	 restrict	 cladoceran	 zooplankton	
population	growth	almost	exclusively	to	the	ice-	free	summer	months	
(De	 Senerpont	 Domis	 et	al.,	 2013),	 which	 leads	 to	 fishes	 shifting	
resource	use	between	generalist	foraging	in	summer	and	benthic	for-
aging	in	winter	(Eloranta,	Kahilainen,	&	Jones,	2010;	Hayden,	Harrod,	








of	prey	 and	 consumer	density	 (i.e.,	 predation	pressure)	 suggest	 that	
temporal	variation	in	bottom-	up	and	top-	down	controls	of	population	
size	within	food	webs	occurs	due	to	the	effect	of	climate	(McMeans	












have	 a	 strong	 effect	 on	displacing	native	 species,	 likely	 by	predation.	
Invasion	of	northern	pike	across	lakes	in	Sweden	and	Alaska	has	been	
consistently	 linked	with	 observed	 or	 predicted	 extirpations	 of	 native,	






declines	 in	abundance	 (Sepulveda	et	al.,	2013).	Projected	 invasions	of	
pike	due	 to	 climate	 change	are	predicted	 to	 cause	 the	elimination	of	
brown	trout	and	Arctic	charr	from	50%	and	73%,	respectively,	of	lakes	









3.4 | Climate change effects at the ecosystem level
Effects	 of	 climate	 change	 on	 increased	 ecosystem	 productivity	 in	
subarctic	freshwater	will	potentially	mediate	competitive	interactions	
among	species	and	alter	physical	conditions,	contributing	to	changes	








of	 marine	 migrations	 by	 anadromous	 Arctic	 charr	 (Finstad	 &	 Hein,	
2012),	potentially	contributing	to	northward	changes	in	their	distribu-
tion.	While	eutrophication	contributes	 to	 increased	productivity	 for	
food	webs	(resulting	in	increased	fish	biomass),	hypereutrophication	
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4  | MECHANISMS LINKING CLIMATE 








increases	 in	 lakes	break	down	niche	partitioning	between	 individual	
fish	by	forcing	competitors	 into	the	same	depth	 layers	 (Busch	et	al.,	
2012),	 increasing	 predation	 of	 zooplankton,	 and	 therefore	 causing	
top-	down	 trophic	 cascades	 (via	 individual	 to	 ecosystem	 pathways).	
In	contrast,	 changes	 in	populations	and	communities	can	occur	due	
to	 increased	 flux	 of	 nutrients	 and	 energy	 from	permafrost	 thaw	 to	
aquatic	 ecosystems,	 and	 increased	 turbidity	 from	 terrestrial	 carbon	
inputs	 reduces	 feeding	 success	 of	 visual-	feeding	 consumers	 (Herb	
et	al.,	 2014),	 potentially	 causing	 localized	 extirpations	 due	 to	 joint	
effects	 of	 competitive	 disadvantage	 and	 oxygen	 deficit	 (Jacobson	
et	al.,	2010;	Tammi	et	al.,	1999).
Based	 on	 the	 literature	 synthesized	 here,	 changes	 in	 tempera-
ture	and	hydrology	appear	to	be	the	primary	environmental	drivers	
of	 the	ecological	 response	 to	 climate	 change	 in	 subarctic	 freshwa-
ters	 (Figure	1).	However,	both	drivers	also	have	 indirect	 secondary	






considering	 the	 range	of	mechanisms	 that	affect	 the	structure	and	
functioning	of	subarctic	freshwater	ecosystems	in	reality,	the	effects	

















et	al.,	2016),	 inconsistencies	 in	responses	 (i.e.,	positive,	neutral,	or	
negative)	within	distinct	levels	of	ecological	organization	in	subarc-
tic	 freshwaters	 (Table	2)	 indicate	 that	 identifying	 mechanisms	 of	
climate	change	effects	may	have	limited	transferability.	This	limited	
transferability	 is	 evident	 across	 different	 species	 (reinforcing	 the	
fundamental	 importance	 of	 the	 biological	 and	 ecological	 traits	 of	
taxa	 in	 determining	 how	 the	 effects	 of	 climate	 change	 are	mani-
fested)	and	across	different	ecological	biomes.	Such	context	spec-
ificity	 is	 not	 a	 shortcoming	 for	 communicating	 future	 biodiversity	





5  | CONCEPTUALIZING THE LINKAGES 
BETWEEN CLIMATE CHANGE AND 
SPECIES INVASION USING THE INVASION 
TRIANGLE FRAMEWORK: A CASE STUDY ON 
SUBARCTIC FRESHWATERS




Mooney,	1999).	The	 invasion	process	 involves	 three	 separate	 com-
ponents:	the	attributes	of	the	invading	species,	biotic	characteristics	
of	 the	potentially	 invaded	site,	and	the	environmental	conditions	of	
the	 site,	 collectively	 termed	 the	 “invasion	 triangle”	 (Perkins	 et	al.,	
2011).	In	addition,	once	a	species	establishes	following	invasion,	their	
subsequent	ecological	effects	may	be	highly	variable	as	a	function	of	






5.1 | Effects of climate change on the vulnerability of 
ecosystems to be invaded
The	 ecological	 theory	 of	 biological	 invasion	 hinges	 on	 a	 paradox	
between	 two	 hypotheses	 predicting	 the	 degree	 to	 which	 native	
species	 richness	 determines	 an	 ecosystems	 vulnerability	 to	 inva-
sion	(Elton,	1958;	Fridley	et	al.,	2007;	Jeschke,	2014;	Moyle	&	Light,	
1996).	First,	 the	diversity-	invasibility	hypothesis,	proposed	by	Elton	
(1958),	 suggests	 that	 ecosystems	 are	 more	 vulnerable	 to	 invasion	
when	 they	 have	 low	 species	 richness	 as	 invading	 populations	 face	
little	 resource	 competition	 or	 predation	 during	 establishment	 (e.g.,	
Eisenhauer,	 Schulz,	 Scheu,	 &	 Jousset,	 2013).	 The	 second,	 alterna-
tive,	 hypothesis	 is	 that	 increasing	native	 species	 richness	enhances	
invasion	 opportunities	 due	 to	 greater	 habitat	 heterogeneity	 and	
resources,	 and	 reflected	 by	 a	 positive	 relationship	 between	 native	
and	 invasive	 species	 richness	 (e.g.,	 Fridley	 et	al.,	 2007;	 Stohlgren,	
Barnett,	&	Kartesz,	2003).
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Under	 both	 scenarios,	 climate	 change	 can	 be	 hypothesized	 to	




niches	 available	 to	 be	 filled	 by	new	 species	 (Donohue	et	al.,	 2013;	
Moyle	 &	 Light,	 1996;	 Von	 Holle,	 2013).	 The	 diversity-	invasibility	
hypothesis	 is	 relevant	 for	subarctic	 freshwaters	because	they	natu-
rally	support	communities	of	relatively	few,	often	generalist,	species	
(Eloranta	et	al.,	2015;	Henriksson,	et	al.,	2016b;	Vincent	&	Laybourn-	
Parry,	 2008)	 that	 are	 strongly	 influenced	 by	 climate.	 For	 example,	
extreme	 heatwaves	 causing	 hypoxia	 and	 increased	water	 tempera-
tures	 in	shallow	 lakes	during	summer	may	 lead	to	widespread	mor-
tality	 of	 resident	 cold-	water	 species	 (Arctic	 charr,	 burbot,	vendace,	
cisco,	smelt	Osmerus eperlanus)	and	facilitating	the	invasion	success	
and	 competitive	 advantage	 of	 cool-	 or	 warm-	water	 species	 (e.g.,	
ruffe)	 (Jacobson	 et	al.,	 2010;	 Kangur	 et	al.,	 2013;	 Keskinen	 et	al.,	
2012;	 Lehtonen,	 1998).	 Increasing	water	 temperatures	 reduce	 the	





logical	 resistance	 to	 invasion	 in	subarctic	 lakes.	For	example,	Arctic	
charr	were	better	able	to	exploit	prey	resources	than	brown	trout	in	
cold,	low-	productivity	lakes	when	compared	to	warm	productive	lakes	
(Finstad	et	al.,	2011).	 In	 relation	 to	 the	second	hypothesis	 (positive	
native-	exotic	species	richness),	climate	change	is	increasing	regional	
species	richness	in	subarctic	regions	(Harrod,	2015;	Hayden,	Harrod,	
&	Kahilainen,	 2013;	Hayden,	Holopainen,	 et	al.,	 2013a,	 2013b).	As	
subarctic	 freshwaters	 become	 environmentally	 suitable	 for	 cool-	
and	warm-	water-	adapted	 species,	 the	 increase	 in	 species	 richness	






5.2 | Effects of climate change on the potential for 
species to become invasive
Climate	change	affects	the	potential	distribution	of	species	and	these	
influences	 are	 best	 known	 in	 terms	 of	 range	 expansions	 of	 species	
beyond	their	natural	range	(Comte	et	al.,	2013;	Parmesan,	2006).	Such	
range	 expansions	 occur	 because	 climate	 change	 alters	 the	 physical	













mance	 of	 invasive	 species	 is	 not	 consistent	when	 compared	 across	
native	and	invaded	populations	(Rypel,	2014),	therefore	contributing	
to	unsuccessful	establishment	(Zenni	&	Nuñez,	2013).
Climate	 change	 is	 predicted	 to	 increase	 the	 potential	 for	 spe-
cies	 to	 invade	and	expand	 their	 distribution	northward	 into	 subarc-
tic	regions	of	North	America,	Europe,	and	Asia	(e.g.,	Alofs	&	Jackson,	
2015a;	Prowse	et	al.,	2006).	The	northern	distribution	of	smallmouth	





(Alofs,	 Jackson,	 &	 Lester,	 2014),	 and	 these	 expansions	 are	 limited	
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Hesthagen,	 2011);	 increases	 in	 these	variables	with	 climate	 change	
will	 enhance	 the	 further	 success	 of	 subarctic	 invasion	 by	 European	
perch	(Hayden	et	al.,	2014).
5.3 | Influence of climate on the ecological effects of 
invasive species
The	impacts	of	invasive	species	are	well	understood,	particularly	for	















































































nistic?	 These	 considerations	 are	 of	 both	 ecological	 and	 economic	









ronmental	 and	 ecological	 effects	 of	 climate	 change.	 This	 suggests	
that	 some	 invasive	 species	will	 have	more	benign	ecological	 effects	











the	 invaders	 native	 range.	 The	 growth	 efficiency	 of	 Arctic	 charr	 is	
double	 that	 of	 brown	 trout	 in	 cold,	 low-	productivity	 lakes,	whereas	
brown	 trout	 are	more	 competitively	 aggressive	 in	warm,	 productive	
lakes,	suggesting	that	competitive	interactions	between	invasive	and	
native	species	along	a	gradient	of	productivity	determine	the	effects	






This	 synthesis	 highlights	 the	 complex	 interplay	 between	 multiple	
environmental	 variables	 and	 invasive	 species	 in	 determining	 the	
effects	of	climate	change	in	subarctic	freshwater	ecosystems	across	
multiple	 levels	of	organization.	 Explicit	 integration	of	 the	effects	of	
climate	 change	 and	 invasive	 species	will	 produce	more	 robust	 pre-
dictions	 and	 improved	 understanding	 of	 underlying	mechanisms	 of	









1. What is the role of habitat characteristics (e.g., size, depth, distur-
bance regime) and landscape (e.g., connectivity) context in the effects 
of climate change?	 In	 freshwater	 systems,	 we	 have	 a	 poor	 un-
derstanding	 of	 how	 ecological	 effects	 of	 climate	 are	 mediated	
by	 habitat	 characteristics.	 Much	 of	 this	 is	 due	 to	 limited	 repli-
cation	of	 studies	 (sensu	Belovsky	et	al.,	2004)	across	 landscapes,	
species,	 and	 habitats.	 However,	 there	 is	 evidence	 to	 suggest	
that	 the	 effects	 of	 climate	 on	 freshwaters	 vary	 on	 the	 basis	 of	
habitat	 characteristics	 (lotic	 vs.	 lentic,	 habitat	 morphology)	 and	
landscape	 context,	 and	 knowledge	 of	 these	 interactions	 will	 be	
useful	 in	 future	 predictive	 modeling.
2. What are the combined ecological effects of climate change and non-
native invasive species in freshwater ecosystems?	Inadequate	consid-
eration	of	the	role	of	climate	in	mediating	the	effects	of	non-native	
species	 (where	 invasion	 is	 facilitated	 by	 climate	 change)	 means	
there	 is	a	 risk	 in	extrapolating	knowledge	of	 invasive	species	 im-
pacts	as	being	consistent	under	different	climate	scenarios	or	along	
strong	climate	gradients.	This	question	is	important	to	identify	the	





systems	 are	 highly	 relevant	 to	 tease	 apart	 the	 effects	 of	 these	






gradients	 in	 variables	 that	 are	 expected	 to	 change	 with	 climate	
change	continues	to	be	an	effective	basis	for	predicting	future	cli-
mate	 change	 consequences	 and	 identify	 underlying	 ecological	
mechanisms	(Fukami	&	Wardle,	2005;	Woodward	et	al.,	2010).
3. How do the mechanisms linking climate change with ecological re-
sponses determine patterns of freshwater biodiversity across local, 
landscape, and regional spatial scales?	An	extensive	body	of	evidence	
details	how	freshwater	biodiversity	in	northern	latitude	regions	is	
changing	in	association	with	climate	change	(Buisson	et	al.,	2013;	
Comte	 et	al.,	 2013;	 Heino	 et	al.,	 2009;	 Sharma	 et	al.,	 2007).	
However,	the	mechanisms	through	which	these	changes	are	occur-
ring	are	relatively	less	well	known.	Subarctic	freshwaters	are	ideal	
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